Introduction
Recently, natural fibers such as oil palm [1] [2] [3] [4] [5] , kenaf [6] , jute [7] and coir [8] fibers appear to be the promising materials, due to their renewability as well as low production cost, to substitute the non-renewable and expensive synthetic fibers for biocomposite materials. It is well known that Malaysia is one of the major palm oil exporting country in the world, and thus large quantities of biomass are produced as a consequence of palm oil production. The biomass of oil palm mesocarp fiber (OPMF) is of interest here. It can be easily obtained from the palm oil mill at almost no cost, after the oil extraction process from oil palm fruit [9] . Currently, it is used as a low value boiler fuel to generate electricity for the palm oil mill. According to authors' recent publications, OPMF was successfully compounded with biodegradable thermoplastics of poly(butylene succinate) (PBS), poly(lactic acid) (PLA) and PLA/polycaprolactone blend, to fabricate fully biodegradable biocomposites [1] [2] [3] [4] [5] . These biocomposites showed comparable mechanical properties as polyethylene and polypropylene, the conventional used thermoplastics.
PBS is chosen as the matrix for current study. It shows relatively good mechanical properties, melt processing capability and biodegradability [7] . Conventionally, the monomers that used to synthesis PBS, 1,4-butanediol and succinic acid, are derived from limited petrochemical resources, but nowadays they can be produced from renewable resources via biomass fermentation [10] . This has give rise to PBS as a sustainable thermoplastic material, and received comparable attention to those of PLA and polyhydroxybutyrate which are derived from plant and bacteria, respectively. Apart from that, the low processing temperature (roughly 120 °C) of PBS also makes it as an attractive candidate to be compounded with natural fibers at which there would be little degradation of fiber during the compounding process [8] .
Generally, PBS and OPMF have different surface properties, where PBS is hydrophobic and OPMF is hydrophilic in nature. Consequently, the biocomposite consisting of OPMF and PBS shows relatively low mechanical properties, resulting from their poor interfacial adhesion [1] . In authors' previous reports, OPMF was surface modified using superheated steam, and alkali treatments [11] . These treatments have proven to enhance the wettability of fiber surface by thermoplastic, which in turn improved the mechanical properties of the corresponding biocomposite [2, 3] . In the present work, OPMF was pre-treated using consecutive superheated steam-alkali treatment, then silane coupling agent was introduced into the biocomposite to further enhance their interfacial adhesion as well as tensile properties. Generally, silane has two functional groups; one reacting with hydroxyl group of fiber and another one reacting with thermoplastic, allowing the formation of a chemical link between natural fiber and thermoplastic. Among the studied silane coupling agent, (3-aminopropyl)trimethoxysilane (APTMS) is chosen to be used in the present work due to its relative non-toxicity and high boiling point. According to Mohd Sis et al., the addition of 2% APTMS to biocomposite of PLA/poly(butylene adipate-co-terephthalate)/kenaf fiber results in an increase of tensile, flexural and impact strengths [6] .
The aim of the present work was to study the effect of APTMS addition on tensile properties of treated OPMF/PBS biocomposite. Prior to biocomposite fabrication, OPMF was pre-treated using a consecutive superheated steam-alkali treatment, aiming at improving its suitability as a reinforcing material.
Experimental
Materials. Poly(butylene succinate) (PBS), under trade name of BIONOLLE 1903MD was purchased from Showa Denko, Japan. It has a density of 1.26 g/cm 3 and melting point of approximately 115 °C. Oil palm mesocarp fiber (OPMF) was collected from FELDA Serting Hilir Oil Palm Mill, Malaysia. Before use, it was soaked in distilled water for 24 hours, later rinsed with hot water (60 °C) and acetone prior to oven-dried at 60 °C. This process was carried out to remove impurities from the fiber surface. The oven-dried fiber was then ground and sieved into size of 150 to 300 µm, and stored in a sealed polyethylene bag. The sodium hydroxide (NaOH) was purchased from Merck, Germany. The (3-aminopropyl)trimethoxysilane (APTMS) of 97% purity was supplied by Sigma-Aldrich, USA. Both NaOH and APTMS were of analytical grade and used as received. The structures of PBS and APTMS are shown in Fig. 1 . Main Tendencies in Applied Materials Science Modification of Fiber. The modification of OPMF was carried out according to the method described previously by Then et al. [11] . In brief, OPMF was first pre-treated in a superheated steam oven at temperature of 220 °C for 60 min, and subsequently soaked in 2 wt% NaOH solution for 3h at room temperature. The weight ratio of fiber to NaOH solution was fixed at 1:20. After treatment, the fiber was filtered and washed several times with water, oven-dried at 60 °C, and finally kept in a seal polyethylene bag for use in biocomposites fabrication. This treated-fiber was labeled as SNOPMF.
Preparation of Biocomposite. The OPMF, SNOPMF and PBS were oven-dried at 60 °C prior to the compounding process. Biocomposites (SNOPMF/PBS/Silane) were fabricated by melt blending of SNOPMF, PBS and various weight percentages (1, 2, 3 and 4 wt%) of APTMS in a Brabender internal mixer at 120 °C with a rotor speed of 50 rpm for 15 min. The wt% of APTMS was calculated based on the weight of fiber, and the ratio of fiber to PBS was fixed at 70:30 [1] . In summary, PBS pellets were first melted in the Brabender mixing chamber for 2 min. Next, fiber was added slowly into the molten PBS and continued mixing for another 2 min. After that, the preweighed amount of APTMS was directly added into the mixing chamber and mixing was continued for a total time of 15 min. Apart from that, biocomposites of OPMF/PBS and SNOPMF/PBS were also prepared as the standard references. The compounded material was compressed into sheets with thickness of 1 mm by hydraulic hot-press at temperature of 120 °C for 5 min under pressure of 150 kgf/cm 2 , and subsequently cold-press at temperature of 30 °C for 5 min.
Fourier Transform Infrared (FTIR) Spectroscopy. The functional groups and types of bonding of OPMF and SNOPMF were identified using a Perkin Elmer Spectrum 100 series spectrophotometer equipped with attenuated total reflectance (ATR). The FTIR spectra of the samples were recorded over the range of frequencies from 400 to 4000 cm −1 .
Tensile Properties Measurement.
Tensile test was carried out on the biocomposites using a Universal Testing Machine, Instron-4302 equipped with a 1 kN load cell. The test specimens were cut into dumbbell shape from 1 mm sheet, according to ASTM D638-5 standard. The test was conducted at 25 °C with a crosshead speed of 5 mm/min. The results were expressed in terms of tensile strength, tensile modulus and elongation at break. Measurements were done on five specimens for each formulation, and their average values as well as standard deviations were reported.
Scanning Electron Microscopy (SEM). The scanning electron micrographs of OPMF and SNOPMF, as well as tensile fracture surfaces of biocomposites were recorded using a JEOL JSM-6400 scanning electron microscope operated at 15 kV. All the samples were coated with gold by a Bio-Rad sputter coater before viewing to avoid samples' charging.
Results and Discussion
Characterization of Fiber. The fibers of OPMF and SNOPMF were characterized by means of Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). FTIR. The FTIR spectra of OPMF and SNOPMF are shown in Fig. 2 . The peaks at 2925 and 2853, 1730, 1245, and 1033 cm −1 are assigned to C-H stretching of cellulose and hemicellulose, C=O stretching of the carboxylic ester or acetyl groups in hemicellulose [12] , C-O-C vibration of esters, ethers, and phenol groups of the waxes [13] , and C-O, C-C or C-OH bending in hemicellulose [14] , respectively. As can be seen in the spectrum of SNOPMF, the peak at 1730 cm −1 was disappeared, and the absorbance of peaks at 2925, 2853, 1245 and 1033 cm −1 were relatively lower corresponding to OPMF spectrum, indicating that hemicellulose and waxes were substantially eliminated during the consecutive superheated steam-alkali treatment. Apart from that, SNOPMF spectrum also showed relatively low absorbance of peaks at 3391 and 1645 cm -1 , assigned to OH stretching and OH bending of absorbed water [15] . This indicates that SNOPMF is relatively hydrophobic comparing to that of OPMF. SEM. The scanning electron micrographs of OPMF and SNOPMF are shown in Fig. 3 . The SEM micrographs show that the consecutive superheated steam-alkali treatment has removed considerable amount of waxy substances previously deposited on the surface of OPMF ( Fig. 3a) and thus producing SNOPMF with rough texture surface (Fig. 3b ). In addition, microfibers which are previously embedded in the fiber bundle were largely exposed as a consequence of impurities and hemicellulose removals. The rough surface as well as the exposure of microfibers of SNOPMF is of important to increase the contact and adhesion between fiber and PBS, particular via mechanical interlocking mechanism during biocomposite fabrication. Characterization of Biocomposites. The tensile and interfacial properties of biocomposites were determined by using tensile testing and scanning electron microscopy (SEM), respectively.
Tensile Properties. As reported previously, the tensile strength (TS) of PBS was of 37.31 MPa and the incorporation of 70 wt% OPMF to PBS (OPMF/PBS) has drastically decreased the TS of PBS to 13.86 MPa. This could be due to inefficient stress transfer across the OPMF-PBS interface when load was applied to the biocomposite, resulting from weak interfacial adhesion between these two phases [1] . Additionally, the presence of waxy substances (previously shown in Fig. 3a ) on the surface of OPMF can also restrict the adhesion of fibers within the polymer matrix, further reducing stress transfer efficiency. It is interesting to note that the replacement of OPMF with SNOPMF has remarkably increased the TS from 13.86 to 23.44 MPa for SNOPMF/PBS with 69% increment. As can be seen in Fig. 4 , the SNOPMF/PBS biocomposite showed highest tensile strength of 26.18 MPa with the addition of 2 wt% APTMS. The TS is increased up to 89 and 12% relative to OPMF/PBS and SNOPMF/PBS biocomposites, respectively. It is suggested that the alkoxy and amine groups from APTMS are able to form hydrogen bonds with the -OH groups of fiber and a b
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Main Tendencies in Applied Materials Science hydroxyl end groups of PBS, respectively [16] . Therefore, the enhancement of tensile strength with the addition of APTMS could be attributed to the enhanced wettability and chemical interaction between SNOPMF and PBS, which is supported by SEM result. However, it can be noticed that the tensile strength of biocomposite is decreased at higher percentage APTMS of 3 and 4 wt%. This may attribute to that of at high percentage of APTMS, excess amount of silane tends to be selfcondensate to give polysiloxane, and subsequently reduced its efficiency to form chemical bridging between the fiber and the thermoplastic [6] . Fig. 4 . Effect of APTMS loading on tensile strength of SNOPMF/PBS biocomposite. Data presented as the mean ± standard deviation. Figure 5 depicts the effect of APTMS on biocomposite's tensile modulus (TM). The neat PBS has a TM of 248.90 MPa and decreased to 94.80 MPa for OPMF/PBS biocomposite [1] . It is interesting to note that, with the substitution of OPMF with SNOPMF, the TM of the biocomposites improved considerably to 670.80 MPa for SNOPMF/PBS biocomposite, an improvement of 608%. Similar to tensile strength, the addition of 2 wt% APTMS to SNOPMF/PBS biocomposite demonstrates optimum tensile modulus which is 864.20 MPa as illustrated in Fig. 5 . The increase in TM is attributed to the increased interfacial adhesion between SNOPMF and PBS as the stiffness of the biocomposite depends on good interfacial adhesion between the fiber and thermoplastic [6] . The TM of biocomposite decreased at higher percentage of ATPMS, probably attributed to the formation of relatively flexible polysiloxane which could reduce the TM of the biocomposite. The PBS is flexible in nature as it has relatively high elongation at break (EB) of 470%. The addition of fiber has drastically reduced the EB of PBS to a value of 2.50% due to the rigid characteristic of OPMF [1] . The pre-treatment of OPMF using consecutive superheated steam-alkali treatment has increased the EB of SNOPMF/PBS to a value of 3.40%. As can be seen in Fig. 6 , the EB of SNOPMF/PBS biocomposite increases with increasing percentage of APTMS of up to 2 wt%, then leveled off at higher percentage of APTMS. This may be the result from a formation of flexible polysiloxane from self-condensation reaction of silane which can act as a plasticizer to prolong the deformation of biocomposite before breaking. The micrograph of OPMF/PBS biocomposite (Fig. 7a) shows a visible gap between the OPMF and PBS, and that the OPMF were free of any PBS sticking to its surface. Additionally, cavities can be seen resulting from fiber pull-out. The OPMF also seem to be poorly distributed throughout the polymer matrix due to agglomeration of fiber, resulting from fiber-fiber interaction via hydrogen bonding [17] . All these are indications of poor adhesion between the OPMF and PBS, and explained the reduction in the tensile properties as discussed early. The replacement of OPMF with SNOPMF changed the morphological structure of the biocomposite, which can be seen in Fig. 7b . The interfacial adhesion between SNOPMF and PBS was improved considerably and that the fiber was closely packed with the PBS. The addition of 2 wt% APTMS to SNOPMF/PBS biocomposite has further enhanced the adhesion between SNOPMF and PBS, and thus producing fracture surface with relatively high homogeneity as illustrated in Fig. 7c . No fiber pull-out was observed, and most 
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Main Tendencies in Applied Materials Science of the SNOPMF was wetted by PBS. This observation indicates that APTMS could act like a bridge between the SNOPMF and PBS to promote better interfacial adhesion, and subsequently improved the biocomposite's tensile characteristics. This also explains the reason of SNOPMF/PBS/APTMS biocomposite showed better tensile properties relative to those of SNOPMF/PBS as well as OPMF/PBS biocomposites.
Conclusions
The addition of APTMS to the biocomposite demonstrates enhanced tensile properties. This result revealed that APTMS could be a good coupling agent for the SNOPMF/PBS biocomposite. The tensile result showed that the optimum tensile strength, tensile modulus and elongation at break of SNOPMF/PBS biocomposite was achieved at 2 wt% of APTMS. The SEM result proved the improvement of interfacial adhesion between SNOPMF and PBS.
